AD-A101 359 TRwW DEFENSE AND SPACE SYSTEMS GROUP REDONDO BEACH CA F/6 17/2.1 \
EVALUATION OF DCS I1I TRANSMISSION ALTERNATIONS, PHASE 1A REPOR==ETC(U)
MAY 80 T M CHU DCAIDO-']Q-C-OO“G

UNCLASSIFIED TRw=35142 SBIE=-AD=E100 436

- A

.




.

et Pmg Omo Pmg pug Puq Pug PEY Puf P Pud Pumi Pud Py Puy SEN DM BN &

L

ADA101359

DI FILE COPY

s+ [EVEL7#-

EVALUATION OF DCS il
TRANSMISSION ALTERNATIVES
PHASE 1A REPORT

26 MAY 1980 DTIC

@ CLECTE
@b, JUL 141981 ;

B

Prepered for
Defense Communications Agency
Defense Communications Engineering Center
Reston, Virginia 22000

Contract No. DCA 100-79-C—-0044

DISTRIBUTION STATEMENT A

Approved for public release;
Distribution Unlimited

TRW.

ONE SPACE PARK . REDONDO BEACH,CALIFORNIA 90278

AP-E100 436

¥, .
ey |

35142




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE BEF%%AEDC%‘SSEg%’ﬁgN:ORM
7. REPORT NUMBER 2. GOVY ACCESSION NO.| 3.CRECIPIENT'S CATALOG NUMBER
TRW No. 35142 ﬂ)—ia:{ D E100436
A. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
EVALUATION OF DCS III TRANSMISSION . ' ]
ALTERNATIVES - PHASE 1A REPORT Final Phase 1A Report i
6. PERFORMING ORG. REPORT NUMBER
%ﬁcoa@ 8. CONTRAGT OR GRANT NUMBER(#) '
T. M. Chu S DCA 100-79-C-0044

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELE NT. PROJECT, TASK
AREA & WORK U I NUMBERS

TRW, Inc.; Defense and Space Systems Group
One Space Park

Redondo Beacn, CA 90278 N/A
11. CONTROLLING OFFICE NAME AND ADDRESS . 12. REPORT DATE )
‘I Defense Communications Engineering Center 26 May 1980
Transmission Engineering Division, R200 13. NUMBER OF PAGES
1860 Wiehle Ave., Reston, VA 22090 1044 s
FT3 MONITORING AGENCY NAME & ADDRESS(/! different from Controlling Office) | 15. SECURITY CLASS. (of this report)
N/A . Unclassified
15a, DECL ASSIFICATION/DOWNGRADING
N/ Ast:m-:oul.e k|

16. DISTRIBUTION STATEMENT (of this Roport)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abatract entered In Block 20, If dillerent from Report)

N/A

18. SUPPLEMENTARY NOTES

Four Volumes: Main and Appendixes A, B, and C. |

19. KEY WORDS (Continue on reverse slide i sary and identlfy by block number)
Defense Communications System EHF Satellite System
Digital Transmission System Airborne Relay Platform
Millimeter Wave LOS System Cable/Optical Fiber System

20. ABSTRACT (Coatfimie en reverse side I neceesacry sad identiiy by block number)

This report covers DCS III requirements, transmission me. a characteristics,

regulatory factors, and DCS III transmission system alter ratives. Appendix

A documents results of transmission-media investigations. Appendix B

presents a detailed review of rules, procedures, regulatiuns, standards, and ‘

recommendations established by national/international organizations. i
I
i

Appendix C provides a description of topographic and climatic conditions in
Germany, Turkey, and Hawaii.

DD ;' on> 1473  £oimion oF ' NOV 6813 OBSOLETR




EVALUATION OF DCS il
TRANSMISSION ALTERNATIVES
PHASE 1A REPORT

26 MAY 1980

Prepared by >”%

Dr. T.M. Chu
Manager
OCS 1l Project

WWWW

N. Estersohn
Manager

Communicstions Architecture

Prepared for
Defense Communications Agency
Defense Communications Engineering Center
Reston, Virginia 22090

Contract No. DCA 100—-79—-C-0044

TRW.

ONE SPACE PARK . REDONDO BEACH,CALIFORNIA 90278




THIS PAGE INTENTIONALLY LEFT BLANK




FOREWORD AND ACKNOWLEDGEMENT

This Final Phase IA Report is the main volume of the four volume TRW
report on Evaluation DCS III Transmission Alternatives. These four volumes
are:

1. Phase IA Report, Evaluation of DCS III Transmission
Alternatives

2. Appendix A, Transmission Media
3. Appendix B, Regulatory
4. Appendix C, Regional Consideration and Characterization

The three above appendices present additional information which is
intentionally amitted in the main report for clarity and balance.

Project work, as documented in the above noted Phase IA Report
Evaluation of DCS III Transmission Alternatives and three appendices, has
been performed by Defense and Space Systems Group, TRW Inc., and by TRW
subcontractor, Page Communications Engineers, Inc., Northrop Corp., for the
Defense Communications Engineering Center, Defense Communications Agency,
under Contract No. DCA 100-79-C-0044.

This project has been managed by Dr. T. M. Chu and is supported by
Messrs. G. J. Bonelle and S. H. Cushner; Dr. T. W. Kao; Mr. S. H. Lin;
Drs. A. J. Mallinckrodt, E. W. Rahneberg, R. A. Smith and C. Y. Yoon; and
by other TRW personnel on an as-required basis. Subcontracted work has
been managed by Mr. J. C. Elliott and is supported by Messrs. I Benoliel,
G. Dalyai, P. Ege, R. S. Graver, and R. Sadler.

Gratefully acknowledged are the many helpful discussions, suggestions
and guidance offered by Messrs. J. R. Mensch (current COR) and J.L.
Osterholz (previous COR) of the Defense Communications Engineering Center

throughout the course of this study. NTIS  GRAGI ‘———iaﬂ!——

DTIC TAB 0
Unannounced O
RE: DISTRIBUTION STATEMENT. Justification |
EVALUATION OF DCS III TRANSMISSION -
ALTERNATIVES. By_
STATEMENT A PER JANET ORNDORF Distribution/
%HTMICQI.‘ m;’mﬁ 312 [_Aygilability Codes

iii

fAvail and/or
Dist | Speclal

AL




THIS PAGE INTENTIONALLY LEFT BLANK




1.0

TABEE OF CONTENTS

INTRODUCTION ¢ o ¢ ¢ o ¢ ¢ ¢ ¢ o ¢ o o ¢ o &

1.1 Purpose of DCS III Study . . « « «
1.2 Scope of the DCS III Study . . . .

1.3 Objective and Scope of Phase IA Eff

ort .

1.4 Organization of Phase IA Report . . . .
DCS REQUIREMENTS AND ASSUMPTIONS . . . . . &

2.1 DCS IIl Requirements « ¢« « ¢ ¢« ¢ ¢ o o &

2.1.1 Trunking Data « « ¢« ¢« ¢« &« ¢ ¢ o &
2.1.2 Circuit and Trunking File « « ¢« ¢« ¢ o o ¢ o &
2.1.3 DCS Connectivity and Multiplex Configuration

Diagram . L] L] L] . L] * L[] L] L] L] L] *
2.1.4 Turkey and OQahu Requirements

2.2 Study Assumptions .« « ¢ ¢ ¢ ¢ ¢ o o o

3.1 Summarized Media Investigation

3.1.1 Guided Waves . « « « &
3.1.2 Radio Waves « « « « « &
3.1.3 Airborne Relay Platform
3.1.4 Miscellaneous Media . .

3.2 Coaxial Cable . ¢« ¢« ¢« & « &
3.3 Millimeter Waves « « « « « &
3.4 EHF Satellite Communications
3.5 Optical Fibers . « « « « « &

3.5.1 Optical Fiber Communications System . .
2 Optical Fibers « « ¢ ¢ ¢ ¢ ¢ ¢ o o o @
3 Optical Sources « « ¢« « o o ¢ o s o o @
.4 Photodetectors . . « « ¢« o o o ¢ ¢ o &
5 System Capabilities and Research Trends

. TRANSMISSION MEDIA L] L] L] L] L] L] L] . . “ L] L] L]

Results .

*
.
[}
.

e o o o o .o

L] L) L] . L] L

. L] . * L] Ld

3.6 Packet Radio e & & © & & 8 & ¢ © 3 o & s ° o o ° ¢ O

3.6.1 Packet Radio Experiment « . « ¢ ¢ ¢ ¢ ¢ ¢ o &
3.6.2 Packet Satellite Experiments

o o o o o

[#§] w
] ’ L]
[y Padry

1
O £




~ —— . . B = e O A e

TABLE OF CONTENTS (Continued) '

5 3.7 Airborne Relay Platform - Aircraft « « ¢« « ¢ ¢« o o« ¢ o o & 3-32
’: 3. 8 Ai rborne Re] ay P] atfo"n L] L] L) L] L] L] ® L ] L] . L] L] L] L] L] L * 3-33

3.8.1 Ba]]oon L] L] L] L] L] L] [ ] L] L] L] L] L] L] L] L[] L] . . L ] L] * L] 3-34
3.8.2 Mooring and Servicing System . . . ¢ ¢ ¢ ¢ o 4 o 3-35
30803 Airborne Powel‘ Supp]y e e 8 & ¢ * * & & o o & e o o 3-35
3.8.4 Telemetry and Command System . . . o ¢ ¢ o ¢ o o & 3-35

4.0 REGULATORY BARRIERS AND REGIONAL CHARACTERIZATION « « « « « .« . 4-1
4. 1 Reg u] ator Barri ers L * L) L . L L] L] L] * L] . . L * L] L] . * . N 4-1

4.1.1 Introduction . « ¢« « o ¢ o o « o &
4.1.2 International Regulatory Barriers .
4.1.3 Regional Regulatory Barriers . . .
4.1.4 National Regulatory Barriers . . .

4
4
4
4
402 Regiona] Characterization e & o o * o ® o o © o s e ¢ s o 4-12
4.2-1Hawaiiooooouonoocoooo--.-ooo 4
4.2.2 Federal Republic of GErmany « « « o o o o ¢ o o o & 4
4.2-3Tur‘key...............e-..... 4

5.0 DEVELOPMENT OF DCS III TRANSMISSION SYSTEM
ALTERNATIVES L L[4 . . * L] L] L] L] [ ] L L I L L] L] L] L] L L] L] L] L] L] [ ] 5-1

! 5.1IntrOduct'iono...-.................. 5-1
5.2 Transmission System Alternative Designs . « « o o « o « & 5-2
f 5.3 Candidate Alternative Transmission Systems

: fOfHawaii.--..............-.-.... 5-3

¢ i 5.301 Hawaii Base]ine Systeﬂ e & o 8 & o & * 0o ¢ o s o o 5'6
5.3.2 A] terﬂative Systal'l DESign H-l e & 8 @ o o o o s & 5-8
5.3.3 Alternative System Design H=2 « « « « ¢ ¢ ¢« o o « & 5-30

5.4 Candidate Alternative Transmission System for
Centra]Genﬂany......-.............. 5-35

5.401 DCS BaSE]ine in centf‘a] Gem‘any e o o & o s o s o 5"39
50 40 2 A] ternative DeSi gn G"l ® & & @ o & o O o ° s o s o 5-49
50 403 A] ternative DESign G-l e ® o o & o & 8 s ¢ " ° * @ 5-70

5.5 Candidate Alternative Transmission System for Turkey . . . 5-73

505.1 Turkey Base]ine Systeﬂ‘s ® & o & & o s 5 s o 2 ° s o 5‘73
5. 502 A] ternative SyStGll Design T"l e & o o & ¢ o 0o o o o 5‘82
5.5.3 Alternative System Design T=2 . ¢ « ¢« o o o o o o & 5-102

vi




1-1
2-1
3-1
3-2
5-1
5-2
5-3
5-4
5-5
5-6

5-8
5-9

5-10
5-11
5-12
5-13
5-14
5-15
5-16
5-17
5-18

5-19
5-20

LIST OF FIGURES

Organization of Phase IA Report « « ¢« ¢« ¢« ¢ « ¢ &
Trunking Circuit Diagram of Central West Germany
Optical Fiber Communication System . . . . « . &
Thethered Balloon System . ¢« « ¢ o o o o o o o &
DCS Terminal Locations on Oahu Island « « + « « &
Candidate Network Topologies .« « « « o o o o » o
T-I Channel Requirements Between Users for Oahu .
Candidate Single Star Network for Qahu . . . . .
Candidate Double Star Network for Oahu . . . . .

Attenuation of Electromagentic Radiation in a Clear

Atmosphere Due to Molecular Oxygen and Water Vapor

Excess Path Attenuation Due to Rainfall . . . . .
Scintillation Fading Values for 35 and 100 GHz .
Millimeter-Wave Radio System . . « « ¢ ¢« ¢ ¢ & &
35-GHz Digital Radio and Repeater Installation .
Primary and Alternate Cable Routes .« « « « « « &
Actual Cable Routes in Hawaii « « « ¢« o ¢ o + &
Fiber-Optics System Block Diagram . . « « « « . &
Optical Transmitter Block Diagram . « . « ¢ « &
Central Germany Region of Interest . . . « « « &

Existing Defense Communications System in Central

e e o o
s o e o

Germany

Planned Defense Communications System in Central Germany

Digital European Backbone Stage I and Franfurth-
Koenigstuhl-Vihingen Stage I and II Systems . .

Digital European Backbone Stage II System . . . .
Digital European Backbone Stage IV System . . . .

Page
1-6

2-6
3-21
3-36
5-4

5-10
5-11
5-13
5-17

5-21
5-22
5-23
5-25
5-28
5-32
5-34
5-36
5-37
5-40
5-41
5-44

5-45
5-47
5-50

&




5-21

5-22
5-23
5-24
5-25

5-26
5-27

5-28
5-29
5-30
5-31
5-32
5-33
5-34
5-35
5-36
5-37
5-38

5-39

LIST OF FIGURES (Continued)

Evolution of Digital European Backbone (DEB) and
FKv Sy Stems L ] L ] L] - L L L] L L] . L L ] L] L] [ ] . * . L ] L] L] L] L] L]

Connection Diagram for Central Germany . « « « ¢« ¢ o ¢ o &
Geographical Distribution DCS Traffics in Central Germany .
Balloon Height and Area of Coverage . « « + v « ¢ o o o o &

Conceptual Design of Balloon Communications System
Showing Potential Channel Assigmments for Users . « « « . .

Block Diagram of Balloon Transponder . . « « « o « o o o &

Concept of Ground-Controlled Balloon Relay Communications
sy Ste’“ ® L) . . - L] L] L ] L] L] L ] L ] L] ® . * L ] L] . L] [ ] L ] L] . ® o

Wind Profile o ¢ ¢ ¢ ¢ ¢ o 6 ¢ o 6 ¢ o ¢ o s o o ¢ o o o
Primary and Alternate Cable Routes . « « « ¢« ¢ ¢« ¢ o ¢ o &
Actual Cable Routes in Central Germany . ¢« « « ¢ ¢ o o o &
Map of Turkey with some DCS SiteS « « ¢ o ¢ ¢ ¢ o ¢ o ¢ o &
Existing Turkey DCS SysteM . o« ¢ ¢ ¢ o o o o ¢ ¢ o s o o &
Proposed Mulitiplex Configuration, Phase I . « « « o ¢ & & &
Proposed Multiplex Configuration, Phase II . . . . . ¢« . .

Projected 1985 Turkey DCS Connectivity « « « ¢« & « &

?

Simplified Turkey DCS Connectivity .« ¢« « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o« &
Proposed EHF Transmission System Connectivity . . « « + . .

Total Attenuation and Increase in Antenna Noise Temperature
at 30° Elevation Angle Continental Summer Weather Model . .

Contributions of Rain, Cloud, Oxygen and Water Vapor

Absorption to Total Attenuation at 30° Elevation During
Moderate Sutmer Rain « o« o ¢ o ¢ o o o o ¢ o s s o o o & &

viii

Page

5-52
5-55
5-56
5-58

5-61
5-62

5-63
5-67
5-71
5-74
5-76
5-77
5-79
5-80
5-81
5-84
5-86

5-88

5-89




e L

5-40
5-41
5-42
5-43

5-44

LIST OF FIGURES (Concluded)

Page
Beam COVErage « « o « o s « s o o s o o o s o s o o 0 o 0 oo 593 :
2-Antenna-Beam Coverage for TurkeyY .« « ¢ « o ¢ ¢ ¢« o o o « o« 5=94
Simplified Transponder .« « « « « ¢ ¢« o o ¢ ¢ o o ¢ o o s o o 5-98
Optimum 6-Beam Coverage for Europe from Greece to Iceland . . 5-101

Airborne Relay System for Turkey

s o @ 8 ® 0 o o & o o 2

ix




LIST OF TABLES

Page
1-1 Alternative Transmission Media Investigated . . . . . . . . 1-4
1-2 Proposed Alternative Transmission Systems . « « o« o o o o & 1-5

3‘1 HAPP Base]ine AirShip DeSign # 6 o 9 & 2 O 0 & & o & e o o o 3-10

3-2 Summary of the State-of-the-Art Coaxial Cable
TransmiSSiOH SyStGﬂS " e ® ® 4 ® 8 & & e © 6 8 8 0 ° ° & o @ 3-12

3-3 Milestones of Optical Fiber Communications Development . . . 3-19

3-4 Representative Test and Operational Optical Fiber Systems. . 3-20

3-5 Comparison of Light Sources . « « + « o o ¢ o+ ¢ o o o o « 3-24
3-6 Ca“parison Of PhOtOdeteCtOPS ¢ & e & B & ¢ © o * 0 © & & o o 3'25 .
3-7 Predictad Optical Fiber Communications System

Capabi]ities e ® & & 8 e O 8 ¢ S5 9 B & & B P S 6 ° 8 O & & @ 3-27

;; 3‘8 L-450F SpECification ® o ° e ¢ © & B 4 ¢ 6 * e 5 s ° o & ° & 3-33

4-1 Summary of Countries Subject to Constraints . . . . « « o & 4-3

5-1 DCS T1 Requirements (Intra-Island) « o « o o« « o o o o o o & 5-5
5-2 DCS Tl REQUirﬂﬂentS (Inter-IS]and) ® & o o & o o o o6 o o o @ 5-6

5-3 Number of T1 Channels Associated with Oahu
Cm““unicatiOﬂ NOdES e & e o e ® & & & e & @ ¢ & & &6 ® ®» o @ 5'7

5-4 Candidate List of Deleted Links for Single-Star
Oa hu Network L] . L] L] . L ] L] . [} L] * L) - L] L] L] . L] * L] . - * L] 5- 1 2

': 5-5 User Connection and Data Requirements for Single-Star
4 Oa hu Systen L L] . L] L] L] . L) L] L] L] L] - L] . L] . . L . L] L) L] L ] 5-1 5
5-6 Bandwidth-Efficient Modem Characteristics .« « « ¢« ¢ ¢ o « & 5-16

5-7 Distances Between Switching Stations and Users for
DOUb]e-Star Network ¢ e & o s & e & & &+ & & & 0 & & * s o » 5-18

;} 5-8 Candidate List of Deleted Links for Double-Star
‘ Oahu Network * . . L] * . L] . . . L) L] . L] . . L] L L] L[] . L] L] L[] 5-19

5-9 Summary of mm-Wave Budget Link Calculations for Path
Length = 5 km . . L] L] L[] L] . L[] L] L) . L] L] L] L] L] L] L] L4 . ° L] . 5-26

5-10 MM-NaVE Digita] RadiO Key Features ® & o 8 ° & & s o & s e o 5-29




5-11
3 5-12
5-13
5-14

5-15

5-16

5-17
5-18
5-19
5-20
5-21
5-22

5-23
5-24
5-25

LIST OF TABLES (Concluded)

Channel-Miles of Buried Cable in Oahu Island . .
Key Features of an Optical Communications System
European Defense Communications System . « « . &

Digital European Backbone (DEB) Stage I and FKV
Stages I and II Link Characteristics « « « « « &

Digital Europpean Backbone (DEB) Stage II Link
characertistics L ] * L] L] L] L L] - L] » L] L] * L] . L]

Digital European Backbone (DEB) Stage IV Link
Characteri stics * L] L ] L ] L] L] L] L] L] L] L] L] L] L ] * *

Evolution of DEB and FKV Radio Links . . . . «
Link Calculation for Balloon Transponder . . .
Link Budget for Different Modulation Schemes .
Cable Link Characteristics (Primary Routes) . .

Cable Link Characteristics (Alternate Routes) .

SATCOM Attenuation at 30° Elevation in Representative
Climate Zones as a Function of Seasion . « ¢« ¢« « o &

Beam Position and Weather Factors « « « ¢« « o« ¢ ¢ o &

Uplink and Downlink Power Budgets « « « « ¢ « o « & &

HAPP - Ground Link Budget at 35 GHZ . « « ¢« « « « o &

Page
5-33
5-38
5-42

5-46
5-48

5-51
5-53
564
5-65
5-72
5-75

5-90
5-91
5-96
5-106




THIS PAGE INTENTIONALLY LEFT BLANK

xii 71

[S—




1.0 INTRODUCTION

This is the Final Report of the Phase IA effort of the “Evaluation of
DCS 111 Transmission Alternatives" study conducted for the Defense Communi-
cations Engineering Center (DCEC), Defense Communications Agency (DCA) in
accordance with Contract No. DCA 100-79-C-0044. It was performed by the
Defense and Space Systems Group, TRW Inc. and by TRW's subcontractor, Page
Communications Engineers, Inc., Northrop Corporation.

1.1 Purpose of the DCS II] Study

The Defense Communications System (DCS), since its establishment in
1960 has been in a continuous process of growth and evolution. This
process is a direct response to the changes of requirements and the
advancement of communications technology. The DCS is currently in the
transition period from first generation DCS (DCS I) to second generation
DCS (DCS II). According to various project plans and schedule, the DCS II
will be implemented during the period of FY 80 to FY 85 and will be fully
operational by FY 85. DCS II will consist of AUTOVON, AUTQOSEVOCOM, the
integrated AUTODIN System (IAS), the upgraded and digitized terrestrial
transmission system, and DSCS II/III systems. The DCS II will be the basis
upon which the DCS III will be designed and implemented.

As a general rule, the 1ife span of communications systems and elect-
ronics is about fifteen years. Therefore, by the year 2000, the DCS II
equipment needs to be gradually replaced by either new units or newly
developed units utilizing those new transmission media and/or communica-
tions technologies which are either currently being developed or would be
developed from now to the year 2000. The result is the DCS 1II.

To provide a basis for the evolving architecture design of the third
generation DCS for the years beyond 2000, it is necessary to identify
alternative transmission media,-._ communication technologies, system
engineering concepts and designs. “In addition, international, regional,
and national regulatory barriers which may impact alternative media and
transmission system designs also need to be identified and documented.




The primary objective of the DCS III study is the initial assessment
and projection of transmission media which would be useful for DCS III in
the years beyond 2000.

1.2 Scope of the DCS III Study

The DCS III study is composed of two phases and seven tasks as listed
below:

1. Phase I:
a. Phase IA:
Task 1. DCS III Transmission Media Alternatives

Task 2. Development of Evolving DCS Transmission
System Alternatives

Task 3. Identification of Technology and Regula-
tory Barriers

b. Phase IB:
Task 1. Comparative Evaluation of Alternatives
Task 2. Relative Cost
2. Phase II:

Task 1. Overlay of Special User Transmission Require-
ments

- Task 2. Reevaluation of Alternatives

Phase IA and Phase IB constitute the first year effort of the DCS III study
and Phase Il constitutes the second year effort.

1.3 Objective and Scope of Phase IA Effort

Phase IA consists of three tasks as indicated in the last section.
The objective and scope of each task are presented in this section.

The objective of Task 1 of Phase IA is to identify promising transmis-
sion media for the DCS III time frame, to assess or forecast capability, to
examine limitations and restraints, and to recommend needed research and
development effort to resolve uncertainties in applications.
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Brief but broad categorization and examination of all transmission
media, either currently in use or under development, were conducted. After
preliminary screening, sixteen media including airborne relay platforms,
were deemed worthy of further investigation. These sixteen media were then
grouped into four categories as tabulated in Table 1-1. The results of
media investigation are documented in Appendix A.

The objective of Task 2 of Phase IA is to develop two candidate
transmission systems employing appropriate transmission media for certain
specified areas, satisfying the required capacities and connectivities of
each area. Three areas of interest were selected for this purpose. These
areas are QOahu Island of the Hawaiian Islands, a portion of the central
Federal Republic of Germany, and Turkey. The alternative transmission
systems proposed for these three specified areas are listed in Table 1-2.
Six of the media were employed for alternative transmission system designs
of Task 2.

The objective of Task 3, Identification of Technology and Regulatory
Barriers, of Phase IA is self-explanatory. Related international, regional
and national regulations, rules, procedures, standards, and recommendations
which have impact on transmission system design were collected, organized,
and reviewed. A summary and outline of regulatory barriers appear in
Section 4. Appendix B provides detailed documentation to substantiate and
supplement this summary and outline.

Technology barriers include current and forecasted hardware capabil-
ities, propagational constraints such as fading and multiple path, band-
width limitation, interference, etc. Technology barriers were investigated
on the medium basis of the medium investigated and were documented along
with each transmission medium.

In addition, general topographic and climatic conditions which affect
transmission system design were collected for each of the three areas and
are documented in Appendix C.
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Table 1-1. Alternative Transmission Media Investigated

I. Guided Waves

1. Coaxial Cable* 1
2. Millimeter Waveguide
3. Beam Waveguide

4. Optical Fibers*

5. Submarine Cables

II. Radio Waves

l. Terrestrial Microwave Line-of-Sight Transmission
2. Tropospheric Scatter Communication

3. Millimeter Waves*

4. EHF Satellite*

5. Packet Radio

6. Meteor-Burst Communications System

7. Radio Frequency Spectrum

I11. Airborne Relay Platform**

1. Manned Ummanned Aircraft*
2. Tethered Balloon*
3. High Altitude Powered Platform

IV, Miscellaneous

1. Alternatives to Electromagnetic Communication Links

Note: *Media have been used for alternative transmission system design.

**Strictly speaking, airborne relay platforms are not transmission
media but can be used to extend line-of-sight ranges. Investiga-
tion of such platforms has been specified in the Statement of Work
for the DCS III study.




Table 1-2. Proposed Alternative Transmission Systems

Specified Area Proposed Alternative Systems

Oahu Island, Hawaii 1. Millimeter Wave Relay System
2. Buried Cable System

a. Option One - Coaxial Cable
b. Option Two - Optical Fiber

Federal Republic of Germany 1. Airborne Communications System

a. Option One - Tethered Balloon
b. Option Two - Aircraft

2. Buried Cable System

a. Option One - Coaxial Cable
b. Option Two - Optical Fiber

Turkey 1. EHF Satellite

2. Airborne Relay System

1.4 Organization of Phase IA Report

This volume is the main report of the four volume report on Evaluation
of DCS III Transmission Alternatives. These four volumes are:

. 1. Phase IA Report, Evaluation of DCS III Transmission
Alternatives

2. Appendix A, Transmission Media

1

3. Appendix B, Regulatory Barriers

-

4. Appendix C, Regional Consideration and Characterization

The three above appendixes present additional information which is inten-
tionally omitted in this main report for clarity and balance. The
organization of the Phase IA Report is depicted in Figure 1-1.
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This main report is organized in six section of which this is Section
1, Introduction. Section 2, Requirements and Assumptions, sumarized the
communications requirement for each area of interest and the assumptions
made to bound the scope of Phase IA effort. Section 3, entitled Transmis-
sion Media Alternative, presents a summarized result of transmission media
investigation. Section 4 provides a brief description of international,
national, and regional regulatory barriers and regional geographic and
climatic conditions that affect transmission. Section 5 presents a
baseline transmission system description, and two proposed transmission
alternatives for each specified area of interest. Preliminary conclusive
discussion on transmission media and research and development recommenda-
tions are provided in Section 7.

Appendix A documents results of transmission media investigations
undertaken in connection with the Evaluation of DCS III Transmission
Alternative Study. Results of detailed investigation of promising media
are documented first, followed by a brief description of discarded media.
The content of Appendix A is summarized in Section 3 of this volume.

Appendix B, Regulatory Barriers, presents a detailed review of rules,
procedures, regulations, standards, and recommendations estabiished by some
international, regional, and national organizations and agencies. The
purpose of this appendix is to substantiate and suppliement the summary and
outline of regulatory barriers presented in section 4.1 of this report.

Appendix C, Regional Considerations and Characterization, provides a
description of the general topographic and climatic conditions which may
affect telecommunications in the three areas of interest of the present
study.
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2.0 DCS REQUIREMENTS AND ASSUMPTIONS

As indicated in the last section, two alternative transmission systems i
are required for each of the three specified areas using various promising T
media. The primary objective of these alternative system designs is the
use of these designs as means to assess the real utilities of these media
rather than design the alternative system.

r However, communications requirements for each area have to be defined

before system design can be commenced. This section presents the

; communication requirements for these areas and some assumptions made either ]
; for the requirements or the scope and aspects of the transmission system

designs.

: 2.1 DCS IIl Requirements

The objective of this section is to present the projected DCS system

in the year of 2000, hereinafter called the baseline, which will be used as

5 communications capability required by that time, upon which the alternative

DCS III transmission systems will be formulated. The communications

requirements furnished for these areas are briefly summarized in the
following subsections.

2.1.1 Trunking Data

The preliminary data furnished were user requirements as shown in
, Tables 2-1, 2-2, and 2-3, for Oahu Island, Central Germany, and Turkey
; respectively. The information in these tables is trunking data which
f specifies only the number of voice channels between pairs of nodes and :
wideband data rate (if any).

S

a From the information in these tables, a geographic trunking require-
) ment is derived for each area. For example, Figure 2-1 shows a trunking
circuit diagram of Central Germany.
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Table 2-1.

User Requirements of Central Germany

| Borfink (BFK)

24-LKF, 48-BAN, 36-MUL,
12-LDL, 24-HAN, 24-FEL

Wiesbadn (WBN)
24~-FEL, 24-SEH, 24-HDG

Donnersberg (DON)

60-VHN, 24-CLO, 12-GAB,
24-LKF, 132-PMS, 108-RSN,
96-LDL

Muhl (MUL)
24-BHR, 24-RSN, 24-SPM,

12-HAW, 24-LKF, 24-SCH,
24-SEH, 48-BIG

 Lohnsfeld (LFD)

36-PMS

Ramstein (RSN)

24-SGT, 24-LKF, 24-BAN,
24-SEH, 24-IWF, 24-KLN,
24-MLL, 24-LDL, 120-DON,
24-LSY, 6 Mbps-LDL

Sembach (SEH)

24-WBN, 24-DON, 48-RSN,
24-BAN, 24,LKF, 12-PMS
24-MUL

Kaserslauteen (KLN)

48-4SN, 24-IBN, 48-BAN,
48-FKT, 48-BHR, 48-BDK,
24-7BG, 24-KSL, 24-SCT,
72-HDG, 48-DON

Koenigstuhl (KSL)

48-SWN, 48-KRE, 24-MHN,
24-WMS, 24-KLN, 48-SGT,
12-ZBN, 12-LKF, 12-DON,
24-HDG

Bann (BAN)

24-FEL, 24-LDL, 144-RSN,
48-KLN, 24-SEH, 96-LKF,
24-PMS, 48-BFK, 24-SCH,
72-MUL

Schwelzinger (SWN)

24-HDG, 24-KBL

Heidlberg (HDG)

24-PMS, 36-KLN, 108-DON,
24-FKT, 24-WBG, 48-SGT,
24-VHN, 24-KSL, 24-WBN,
48-KRE, 48-MHN, 24-SWN

Landstuhl (LOL)

24-GAB, 24-PMS, 24-MUL,
24-BAN, 24-RSN, 24-VHN,
24-SGT, 48-DON, 48-FEL,
6.3 Mbps-RSN
Langerkopf (LKE)

24-PMF, 24-ZWE, 12-ZBN,
24-SCH

Zweibrucken (A) (ZBN)

24-7WE, 24-PMS, 12-LKF,
24-KLN

Iweibrucken (AF) (ZWE)
24-7BN, 24-RSN, 24-LKF

Pirmasens (PMS)

24-78N, 24-SCH, 36-LFD,
12-LDL, 132-DON, 24-BAN,
24-SGT, 12-KSL, 12-HDG,
24-KF

Karlsruhe (KRE)

48-KSL, 48-HDG

Note:

Number indicates voice channels.
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Table 2-2. User Requirement of Turkey

Izmir (1ZM)
24-DAG

24-YAM
Yamanlar (YAM)

24-1IM
24-SAH

Sahin Tejesi (SAH)

24-KAR
24-YAM
24-PAG

Ankara (ANK)
72-DAG

Elmadog (DAG)
72-ANK, 24-KTS,
24-SWP, 72-INC,

24-KAR, 24-1IM,
24-SAN

Karatas (KTS)
24-DAG

24-MAL

24-INC
Malatya (MAL)
24-DKY

24-ERH

24-KTS
Diyarbakir

24-MAL

Erhac (ERH)
24-MAL
Incirlik (INC)

24-KTS
72-DAG

Sinop (SNP)
24-DAG




Table 2-3. User Requirement of Qahu Island

ik

Capacity !
Circuit (TI Channel)

Barber Point - Ford Island
Barber Point - Lualuali
Barber Point - Wahiwa
Bellows - Hickam

Bellows - Wahiawa

Barking Sands - Pearl Harbor
Camp Smith -~ Hickam

Camp Smith ~ Makalapa

Camp Smith ~ Pearl Harbor
Camp Smith - Wahiawa

Ewa - Wheeler

3 Ford Island - Wahiawa

| Fort Shaffer - Pearl Harbor
2 Fort Shaffer - Wahiawa
Hickam - Honolulu

Hickam - Pearl Harbor
Hickam - Wahiawa

Hickam - Wheeler

! Kaen Point ~ Wahiawa

‘ Kokee - Wheeler

Kunia - Wheeler

(one-way)

WRNN= PPN OINWWNN RN W

Laualualui ~ Wahiawa
Makaha ~ Pearl Harbor
Makalapa - Pearl Harbor
Molokai - Wheeler

Pearl Harbor - Schofield
Pearl Harbor - Wahiawa
Schofield - Wahiawa
Wahiawa - Wheeler

(one-way)

N =S WO N

68, 19.763 Mbps

Note: 10 < of VF equivalent circuits < 20 = 1 T1 (approximate 20 to 60%
1 expandability)
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2.1.2 C(Circuit and Trunking File

Supplementing the trunking data as listed in tables and associated
trunking circuit diagram derived from the data, a partial print of the DCA
Circuit and Trunk File (Ref. 2-1) for these three areas was also made
available. The file resides in DCA's computer. In the partial print, the
following items are given for each voice or data circuit between any pair
of nodes in these areas: agency requiring the circuit, purpose and use of
the circuit, type of service, and circuit number. This partial print of
the circuit and trunking file provides more useful information. Table 2-1
demonstrates information obtained from the file for a few circuits in Oahu
Island. Due to the volume of such information derived from the file,
completed data as shown in Table 2-4 derived from the supplied partial
print is omitted.

2.1.3 DCS Connectivity and Multiplex Confiquration Diagram

It is seen that the information provided by the circuit and trunk file
is the circuits in use and that the trunking data as given in Tables 2-1
through 2-3 are installed trunking capacity. They supplement each other
but are not necessarily the same. Both are current data and may not
represent DCS system in the year 2000. To facilitate the study the
following itmes were provided to TRW and Page for this effort.

Table 2-4. Information of DCA Circuit and Trunking File

Circuit File Information

Barber's Point to Ford Island 12 Voice,

75-baud TTY
2400-baud data
9600-baud data

512-kbps data

N AW

Barber's Point to Honold]u Voice

Barber's Point to Pearl Harbor 75-baud TTY
1200-baud data

120 scan WX fax data

— = PN =

50-kbps data
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° Projected European DCA Connectivity 1985, DCA Drawing
DCA-COM-CN-003

° European Defense Communications System, DCA Drawing
E4R-COM-CM-005, sheets 1-5, 1 January 1979

] DCS Multiplex Configuration European Area, DCA Drawing
EUR-COM-CM-007, 1 January 1979

] Digital European Backbone Multiplex Configuration, DCA
Drawing DCA-SK-200-129, sheets 1-8, 27.January 1976.

The trunking data shown in Tables 2-1 through 2-3 were then modified and
revised based on data obtained from about four sets of connection and
configuration diagrams. To demonstrate the difference a modified trunking
diagram for Central Germany is shown in Figure 2-1 for comparison. The
difference is apparent.

2.1.4 Turkey and OQahu Requirements

Current DCS in Turkey depends heavily on troposcatter supplemented by
microwave LOS relay. The planned digitized circuits in Turkey were
obtained for the DCS Five Year Plan, Details are shown in Figure 5-36 and
discussed in Section 5.5.1.2.

Due to lack of detailed circuit information for Oahu Island, the
trunking requirements shown in Table 2-3 and depicted in Figure 5-3 were
used as a basis for DCS II 1n the year 2000.

2.2 STUDY ASSUMPTIONS

The overall report and specifically the development of the DCS III
alternative transmission system are heavily influenced by some assumptions.
Among these assumptions, some are government directions, some are forced
upon this study because of the communications requirement data, some are
made to bound the scope of the study due to limited resources and time of
performance period, and others are explicitly stated here to avoid possible
confusion. Some major assumptions are:

1. The required communications capability is to support

today's traffic, i.e. no major traffic growth or decay
is anticipated.

2. Life span of communications equipment and electronics
is taken to be from ten to fifteen years.

i act s b
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3.

4.

6.

7.

8.

The current Digital Radio and Multiplex Acquisition
(DRAMA) program equipment are assumed to be deployed
for DCS II.

The TD-1192 multiplexer being deployed currently and
the TD-1193 multiplexer being manufactured are assumed
to be the standard multiplex schemes to be used in DCS
Il and will continued to be used in the DCS III time
frame. It is further assumed that these multiplexers
will be available for DCS III use.

Therefore the lowest digital data rate considered in
this study is taken to be Tl channel rate, ie. 1.544
Mbps.

The network designs in these three specified areas of
interest are treated as independent entities; no
interconnection with other parts of DCS is considered.

This design study is limited to RF carrier capability
because the communications requirement data available
is only trunking information. Traffic statistics, such
as calling rate, and conversion duration and their
distributions, is lacking. Hence switching cannot be
considered.

Hence, the objective of this study is the initial
assessment and projection of transmission media which
would be useful in the year beyond 2000. The merit of
each of the alternative transmission media considered
will be judged in the follow-on phase IB study from a
point of view of practical utility through the compari-
son of various transmission system designs employing
various promising media.
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3.0 TRANSMISSION MEDIA

Various transmission including those currently being used, tested or
developed have been examined for their potential utility for DCS III beyond
the year 2000. The detailed results are documented in Appendix 1
Transmission Media of this report. This section presents a very brief
summary of these media. The media which have been examined but not used
for alternative system design are presented in Subsection 3.1, and others
used in system designs are discussed in the Subsections 3.2 through 3.6.

3.1 Summarized Media Investigation Results. Various transmission media
investigated can be categorized into four broad groups. These groups are
guided waves, radio waves, airborne relay platforms, and miscellaneous. A
brief summary of each medium not proposed for use in DCS III transmission
alternatives is given in this section.

3.1.1 Guided Waves. Radio communications can be classified according to
the propagation mechanism into two broad categories of guided waves and
radio waves. In the case of guided waves, either a metallic or a
dielectric guide is present along which the electromagnetic waves
propagate. The guided waves investigated included:

L Coaxial cable

] Millimeter waveguide
o Beam waveguide

] Optical fibers

® Submarine cable.

Coaxial cable and optical fibers are the two media types employed for the
proposed DCS III transmissions alternatives and are discussed in Subsec-
tions 3.2.2 and 3.2.5, respectively.

3.1.1.1 Millimeter Waveguide. The millimeter waveguide being developeq

currently in the U.S., Britain, France and some ther countries, utilizes a
metallic circular tube with a diameter in the range of 50 ~ 60 mm. The
TE01 circular waveguide mode is used for transmissions where the attenua-
tion decreases with frequency. The frequency band considered is in the
range of 30 to 70 GHz with an available bandwidth of a few tens of GHz.
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The system capacity is from 20,000 to 300,000 voice channels. Various
forms of phase-shift keying have been employed. Repeaters with a gain of
about 70 dB at a central frequency of 40 GHz are used with spacing varying
from 20 to 60 km. It is a very large capacity system.

Since the diameter of the millimeter waveguide is many times the
wavelength, hundreds of higher order modes can propagate simultaneously.
This imposes attenuation, modal coupling, and dispersion problems. To
minimize the conversion and re-conversion and to suppress the high-order
modes, some special measures have to be used to construct the waveguide.
Most commonly used measures are straight and precision tubing, dielectric
lining, and helix construction. These measures make the millimeter
waveguide costly. To keep the deployed guide straight and to use a large
band radius further complicates the right-of-way problem andwincreases the

o N .
implementation costs. .

The basic research, development, and test of millimeter waveguide
transmission system have been completed by Bell Laboratory in the 1960s.
System testing and further refinement of millimeter wave transmission
systems are presently in progress. However, it is apparent that this
medium is a very large capacity and a very costly system. It is cost-
effective only for a very heavy traffic trunk. Therefore, it may not be
suitable for DCS III use in the near future g

3.1.1.2 Beam Wavequide. Beam waveguide is another very large capacity
transmission media. Either microwave band or light wave is used for trans-
mission. The electromagnetic energy is confined in a tubular structure
with one of the following three mechanisms for guidance: irises, lenses,
or reflection mirrors. The ability of beam waveguide to guide an electro-
magnetic beam is severely limited by tolerance of the guiding structure;
therefore, like the millimeter waveguide, beam waveguide requires absolute
straightness, except for intentional bends. Any structure variation in
temperature, aging, earth movement, or medium turbulance caused by
temperature gradient increases beam attenuation. Experiments have been
conducted in both microwave and optical frequencies, with typical
attenuation of one dB/km or less for light transmission. It is a promising
mediun for long distance, heavy-traffic trunk needs. However, some
technical problems such as long-term stability, automatic control, and
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alignment of lenses or mirrors and circuits await to be solved. Recent
successful and fruitful technology advancements have produced optical
fibers of compatible attenuation with less bulk and without stringent
physical requirements; however, it does not appear that needed research and
development work for beam waveguide are currently conducted with much
enthusiasm. It is thus concluded that the application of beam waveguide to
DCS III is certainly not in the DCS III time frame.

3.1.1.3 Submarine Cables. The submarine cables were extensively used in
the 1950s and 1960s to carry transoceanic telephone traffic until INTELSAT
Satellite I; however, even for the time being, various submarine cables
still carry a sizeable intercontinental traffic.

Submarine cable technology has experienced vast advancement in the
last four decades. The most recent advanced submarine cable, TAT-6, was
completed in 1976 and connects the USA with Europe. This 6100 km cable,
using SG submarine cable, jointy developed by the USA, Britain, and France,
with 990 solid state repaters, 30 block equalizers and 5 shore controlled
equalizers, carries 4200 high quality voice channels. A new submarine
cable with a bandwidth of 125 MHz, in constrast with the 30 MHz bandwidth
SG cable, is being developed now and plans for routes TAT-7 and TAT-8 have
been discussed. This is because diversified telecommunications comprised
of submarine cables and satellites is justified and mutually beneficial.
Note that the 4200 circuit SG cable and the 5320 circuit NG cable in the
Mediterranean Sea are compatible with the 6000 voice channel capacity of
the current INTELSAT-4 Satellite. However, the planned life-span for a
satellite is 5 to 7 years, but for a submarine cable it is 20 years.
Actually, the TAT-1 Atlantic cable at the time of retirement in 1978 was
still in operating condition and had been providing satisfactory service
for 22 years.

It is anticipated that the use of optical fiber instead of coaxial
cable, and the introduction of optical switching and processing will
transfer the current point-to-point submarine cable system into an
extensive undersea communication network.
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3.1.2 Radio Waves. Radio waves media investigated are the following:
L Terrestrial line-of-sight transmission
° Troposphere scatter communications
. Millimeter waves
° EHF satellite
. Packet radio
e Meteor-burst communications system
. Radio frequency spectrum.

Millimeter waves, EHF satellite, and packet radio employed as DCS III
alternatives transmission media are discussed in Subsections 3.3, 3.4, and
3.6, respectively. The rejected media are summarized in the following
paragraphs.

3.1.2.1 Terrestrial LOS Transmission. Electromagnetic energy can be
radiated in narrow antenna beams in UHF and EHF bands and especially in the
frequency range of 1 to 10 GHz. Most terrestrial microwave transmission
systems use line-of-sight (LOS) propagation between radio relay stations,
typically resulting in approximately 30 mile distances between towers. In
general, most LOS links presently in use operate between 2 and 8 GHz. The
frequency carriers of present microwave LOS systems are mostly frequency
modulated (FM) by a large number of voice channels, from 1500 to 3600
channels and up to 6000 channels with single sideband amplitude modulation
(SSB-AM). In addition to the analog systems, there are the newer digital
radio relay systems in which the carrier is digitally modulated by binary
data ranging from 90 to 209 Mbps, with 1300 to 2900 voice channels
digitized by pulse code modulation (PCM). Lack of available frequency band
and demand for wider bandwidths results in expansion into the higher
frequency range.

Some of the advantages of microwave LOS systems are;

o The atmosphere used as the transmission medium has an
extremely wide transmission bandwidth

] Low interference because of high antenna directivity

° External noise is negligible
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] LOS links are relatively easily implemented and
modified

[ ] Geographical barriers are easy to overcome

. Voice channels and video channels can be transmitted by
the same equipment.

The disadvantages of LOS systems include the following:

° The number of VF channels or video channels that can be
transmitted are limited by the available (assigned)
frequency spectrum

° Transmission loss due to different types of fading,
attenuation by rain, and other anomalous (abnormal)
propagation

° Signal degradation due to different types of
interference.

In many cases, microwave LOS system performance is limited by natural
parameters of the transmission medium such as the following:

[ ] Attenuation by rain, snow, hail, clouds, etc.

] Scattering by irregularities in the refractive
structure of the atmosphere

° Refraction, ducting, and multipath resulting from
atmospheric layers

L Dispersion resulting from frequency-dependent proper-
ties of the lower atmosphere

] Reflection, scattering, multipath resulting from
irregular terrain and man-made structures.
The above limitations are usually overcome by using directive antenna,
space diversity (including height diversity), frequency diversity and
polarization diversity. Frequency coordination is required for the systems

operating in frequency bands which are shared with satellite communications
systems.

Y
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3.1.2.2 Tropospheric Scatter Communication. The non-homogeneous structure
of the troposphere is capable of scattering high frequency electromagnetic
1 energy. In a troposcatter system, a transmitting antenna and a receiving
antenna are spaced at a distance much longer than the line-of-sight range
and pointed to a common scattering volume in the troposphere at the mid-
i point of the great circle path. A troposcatter communications system
usually operates with high transmitting power and a large high gain
antenna. However, increasing antenna size beyond a certain limit,
diminishes the antenna gain increase by a factor related to the ratio of
the scatter angle to the antenna beamwidth called aperture-to-medium
coupling loss.

Typical troposcattering communications systems allow transmission up
to 120 voice channels in the 100 MHz to 5 GHz frequency range. One tropo
span is usually limited to 600 miles (1000 km). Troposcattering systems
presently operate in the preferred frequency bands of 100, 400, 450, 750,
800, and 900 MHz and 1.8, 2, 4, and 5 GHz. Typical transmitter powers are
from 5 kW to 50 kW, and receiver noise figures range from 2 dB at 900 MHz
to 9 dB at 5 GHz. Typical antenna diameters are 10 to 120 feet maximum.
% Frequency diversity and space diversity are commonly used. 3

Troposcatter communications have been developed into a highy success-
ful method of radio communications which provides the following advantages
not offered by other media: i

® High grade multichannel service over 50 to 600 mile
distances in a single span

L High propagational reliability on a year-round basis
4 with a properly designed system

;.! o Capability for use in rugged or otherwide inhospitable
3 terrain, or over a stretch of water where other means
of communications are impractical or impossible

L Relatively high degree of security compared with other :
communication methods .
L Minimal deliberate or unintentional interference unless
interfering transmission is within beam and range of
other troposcatter systems.
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Disadvantages associated with the troposcatter systems are:
L4 Very large antenna system
° Higher power transmitters required for transmission

® Limited bandwidth due to frequency-selective fading
caused by multipath propagation

° Limited comunications range.

Although most existing tropscatter links employ frequency division multi-
plex and frequency modulation, development of high-rate digital transmis-
sion techniques for LOS and satellite communications has led to interest in
considering similar techniques for troposcatter links. This interest is
heightened by the need for encryption as well as by the desire to integrate
troposcatter systems into larger digital nets. Currently, some research
and development for digitizing troposcatter systems is in progress.

3.1.2.3 Meteor-Burst Communications Systems. A meteor-burst communica-
tions systems (MBCS) is a medium range system operating at VHF (30 - 300
MHz) band that can provide a rapid, scure, two-way digital communications
service. Other types of services such as voice and facsimile, although
they have been tested, have not yet been implemented. MBCS operation is
based on the use of the meteoric forward-scattered wave phenomenon induced
by the ionized trails left behind by meteors penetrating the Tlower
jonosphere. These forward-scattered signals reach a distance far beyond
the usual line-of-sight range because of the high altitude of these trails
(80 -11 km). A meteor scatter signal, in general, is much stronger than an
jonspheric and a tropospheric scatter signal. A MBCS, consequently, is a
lower-power, and a lower-transmitting rate system in contrast with the
scatter system.

Initial investigation of the feasibility of using meteor-scattered
waves for communications, design and development, system evaluation, and
testing was conducted in the USA and Canada in the years immediately after
World War II, and this pioneer work was declassified in 1957. The well-
known Canadian JANET system was developed in this period and was opera-
tional in 1954, Transmitters at both ends of a JANET system transmit
carrier continuously on different frequencies spaced typically one MHz
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apart with the frequency band of 30 to 50 MHz When the received signal-to-
noise ratio has risen to a pre-detemmined value due to a formed meteor
trail, the stored message is then transmitted until the signal-to-noise
ratio falls below this value. The JANET system used separate arrays of
four S5-element Yagi antennas for transmitting and receiving, The
transmitter power was 500 Watts. The average information rate was 34 words
per minute and the individual hourly means of the rate varied widely. The
average character error rate was less than 0.1 percent.

Recently the Supreme Headquarters Allied Powers in Europe (SHAPE)
Technical Center (STC) has developed a meteor-burst system called
Communications by Meteor Trails (COMET), which incorporates both diversity
reception and autamatic request for repeat features. The COMET system is
designed to provide two-way TTY and data transmission between two ground
stations at a maximum spacing of 2000 km. The information is transmitted
in frequency shift keying (FSK), with a total frequency deviation of 6 kHz
at a signalling rate of 2000 baud. The receiving termminal uses a combina-
tion of frequency and space, or height diversity. The COMET system has
been intensively tested over a 2000 km path for several years. Transmitter
power was 500 watts, and the frequencies used were 56 and 39 MHz, one for
each direction. The hourly average data rate varied from 40 to 240 baud in
unfavorable periods and 50 to 680 baud in favorable periods. The error
rate was less than one in 3000 characters.

The MBCS has some special features, one of which is survivablity in a
nuclear environment. The lower data rate and the intermittent transmission
make it unsuitable from DCS use. Also the possibility that the data rate
or bandwidth can be raised by a few orders of magnitude is highly unlikely.

3.1.2.4 Radio Wave Spectrum. Finally, the whole radio spectrum was
examined from the lower ELF end to the higher EHF end to search for any
potential frequency band useful for DCS, but missed in early screening
process. No pramising electromagnetic media worthy of further investiga-
tion resulted from this search.
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3.1.3 Airborne Relay Platform. A wideband communications need, such as
multiple analog or digital voice channels, high rate data channels,
fascimile, etc., can only be fulfilled by using a high radio frequency as a
transmission medium. This is because of either the bandwidth Timitation
imposed by the propagation mechanism or the ITU radio frequency regula-

{ tions. Radio waves in the UHF range or beyond only propagate along a
line-of-sight path, hence the range is severely limited. Spacing between
two adjacent microwave relay stations is about 30 miles, depending on the
local terrain condition and the height of antenna towers used.

' One way to extend the 1local line-of-sight horizon is to use an
{ airborne relay platform. Various kinds of airborne platforms which have
‘ either been probosed, tested, or are in use, include:

° Manned aircraft

° Unmanned aircraft, i.e., remotely piloted vehicle (RPV)
L4 Tethered balloon

° High altitude power platform

L High altitude power glider

L High altitude floating balloon

® Rocket or missile

® Cruise missile
° Parachute.

By preliminary examination, only the first four platforms are suitable for
long haul day-to-day communications needs. Results of investigations are
given in Section A.14, Manned and Unmanned Aircraft, Section A.15, Tethered
Ballon, and Section A.16, High-Altitude Powered Platform Characteristics
’ and Capability, respectively. See Appendix A, Transmission Media of Final

Phase IA Report. The following paragraph briefly sumarizes the high- i
’ altitude powered platform (HAPP). j
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The proposed HAPP is either a balloon or an aircraft stationed or
orbited over a station at an altitude of 20 km (70,000 kt) for a duration
on the order of a year. The operating altitude of 20 km was chosen
primarily because wind velocities within the continental United States
usually are at their minimum at this altitude. Both of these platforms
would be free-flying and would receive their power for stationkeeping via a
microwave beam directed upward from the ground. Two HAPP baseline designs
are tabulated in Table 3-1.

Table 3-1. HAPP Baseline Airship Design

Characteristics Design A Design B
Payload (kg) 130 720
Hull Mass (kg) 34 611
Rectenna Mass (kg) 278 525
| Car Motor (kg) 134 214
: Volume (m3) 14,000 37,000
Fineness Radio 4 4
Power (kW) 31 46

It is seen that the design A with payload 130 kg would be suitable for high
altitude relay needs.

The unique feature of the HAPP is the microwave power system which
consists of a ground station and a rectenna on the balloon/aircraft. The
ground station converts conventional electric power into microwave power
that is focused into a narrow beam by the transmitting antenna. The beam
is then intercepted by a rectenna (a rectifier/antenna combination on the
balloon/aircraft) comprising a large number of small antennas which feed a
rectifier circuit that coverts power from the microwave beam to DC power.
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The HAPP looks very promising for communications applications.
Because of its higher'altitude (higher than an aircraft or a tethered
balloon), a HAPP can be used to provide a larger cover area or high eleva-
tion angles of line-of-sight paths for the same covered area. The high
elevation angle is of particular interest for higher frequency application
because the rain attenuation of radio waves is substantially reduced.
However, the HAPP is still under development and is not recommended as an
airborne relay platform in this study.

3.1.4 Miscellaneous Media. Some transmission media other than electro-
magnetic waves were also examined. They include:

L Gravitational waves
o Subnuclear particle beams.

It was concluded that these cannot provide useful communication support for
DCS 111. However, the study results are documented in Section A.13, Alter-
natives to Electromagnetic Communication Links, of Appendix A, Transmission
Media, or Final Phase 1A Report.

3.2 Coaxial Cable. Coaxial cables are used to transmit electromagnetic
signals in the TEM propagation mode. The outer and inner conductors are
usually copper with a dielectric medium separating them. To add mechnical
strength as well as to provide additional magnetic shielding, lead to steel
tapes are applied over the outer conductor. Also, additional dielectric
insulation is wrapped around the outer conductor. The outer conductor
serves as shielding between adjacent transmission channels due to skin
effect of the good conductor, thus reducing the crosstalk and
interferences.

While the 9.5 mm (3/8") coaxial cable has been the only standard cable
used in U.S., in European countries the 2.6/9.5 mm cables are used in the
high capacity 12 MHz and 60 MHz systems, and the 1.2/4.4 mm cables are used
in-1-12 MHz.

Coaxial cable has been extensively employed to carry telephone traffic
either locally or over the U.S. continent. As the demand increased and the
technology advanced, the Bell L-system grew from the 600-channel vacuum
tube L1 to the most advanced 13,200-channel transistorized and
microprocessor-controlled L5E.




The broadband signal, either analog or digital, can be transmitted
over a coaxial cable. Although economic reasons as well as high channel
capacity per cable have favored the analog FDM type signal in the past and
even at the present, the significant progress realized in digital
techniques and semiconductor integrated circuits render digital transmis-
sion economically feasible. The North American digital hierarchy is based
on the 64-kbps PCM digitized voice band. The transmission rates for the
multiplex levels from one to four are 1.544, 6.312, 44.736 and 274.176
Mbps, respectively, corresponding to 24, 96, 672, and 4032 voice channels.

A summary of the state-of-the-art of the coaxial cable system is given
in Table 3-2, from which it may be seen that the most advanced analog
system is the Bell L5E system covering a bandwidth of 60 MHz with a
capacity of 13,200 voice channels. The most advanced digital system is the
Japanese NTT PCM-400 Mbps system with a capacity of 57,000 vice channels.
Expectation regarding future expansion of the coaxial cable system
capability is also noted in Table 3-2.

Table 3-2. Summary of the State-of-the-Art Coaxial
Cable Transmission Systems

) . .

[P

Cable Size 1.2/4.4 mm 2.6 mm or 3/8"

Data Rate 140 Mb/s (1) 400 Mb/s (3) 60 MHz
12 MHz (2) 63 MHz (4)
Repeater Spacing 2 km 1.55 km 1 Mile
Capacity Voice
Channel 1920 2700 57600 10800 13200
Future Capabilities | 18 MHz 565 Mb/s = 800 Mb/s
120 MHz
Remarks (1) Digital Systems (3) Japanese PCM-400 System
in Europe (4) Bell LSE

(2) Analog System in
Europe and Japan
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3.3 Millimeter Waves. The mm wave band between 30 GHz and 300 GHz (and
above) has’ been receiving considerable attention in the last few years.
This has produced significant technology advancements. Applications
involving line-of-sight (LOS) propagation through the earth's atmosphere
are limited to relative short distances due to well-known atmospheric
effects. Even with the range limitations for all weather, ever-increasing
demand for new spectral space coupled with technology advancements promise
to ultimately result in development of mm wave LOS communication systems.
Technology is already sufficiently developed for deployment of high
performance LOS communications systems operating in the mm wave band. The
capability of already available mm wave components is well beyond present
requirements so that any deployment promises to satisfy needs well into the
future.

Projection of actual use will depend more on need than feasibility.
This view is substantiated by the history of a high performance mm wave
communication set which was developed in the early 1970s. This is the
GRC-173 radio set which, operating near 10 mm in wavelength, was developed
by the Air Force during the early part of the 1970s. It is powered by a
100 miliwatt semiconductor, uses a 6-foot parabola antenna, and the
receiver has a 11 dB noise figure. This equipment used bi-phase modulation
at data rates up to 250 Mbps and operated as expected. It was never placed
in permanent service for lack of a requirement.

Sources of millimeter wave radiation are currently available in one
form or another with power capability ranging from milliwatts up to several
hundred kilowatts. One kind of mm source is travelling wave tubes (TWT)
which are currently under development in the frequency range from 20 to 50
GHz with output power varying from a few watts to a few kilowatts. The
current available TWT from Hughes at 39 GHz with a minimum power output of
2 watts and gain 40 dB is powerful enough for MM wave LOS need. The
Gyrotron which is currently being developed in the USA and USSR is a very
high powered device capable of delivering a few kilowatts or more power.
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It is developed for some other purpose than communication. Other low power
sources include field effect transistor (FET), impact-avalanche transit
time (IMPATT) device, transferred electron device (TED) also called GUNN
device (named for the inventor); these devices are currently being
developed and tested in various laboratories over the world. TED, FET, and
IMPATT devices currently .can generate about one watt continuous power.
Parallel operation of these devices to raise the power level to ten watts
are being tested. These devices can be modulated directly by varying the
supply voltage or bias. Modulation at a rate of 300 Mbps has been reported
using PIN diodes at 40 to 119 GHz. If advancements continue, 2 Gbps
modulation rate should be feasible at frequencies up to 100 GHz.

Similarly, progress is expected for millimeter wave receiver
tec@nology. In 1973 transmitter amplifiers were available with 3 dB noise
figures at frequencies up to about 8 GHz; by 1990 it should be possible to
obtain narrow band transistor amplifiers with 3 dB noise figures at 40 GHz.
Current “off-the-shel f" Schottky diodes can be used as a mixer with a 6.9
dB single side band noise figure at 50 GHz. Field effect transistors (FET)
are tunnel diode amplifier devices commercially available in 1978 have the
noise figures of a few dB8 in 10 to 30 GHz. Reduction of noise figures in
high frequencies is expected. There a number of high performance receiving
devices which require cryogenic temperatures. These may not have much
application to LOS communication on the Earth's surface since the antenna
temperature is on the order of 300° K, limiting the maximum improvement to
a few dB.

The major restriction for millimeter wave application is the
atmospheric effects which show up in these ways:

L Wave attenuation
] Scintillation or rapid fading

L Beam refraction which may show up as long-term fading
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Wave attenuation can result from energy loss from the main beam due to
scatter from rain drops or energy due to absorption caused by molecular
resonances of oxygen and/or water vapor in the atmosphere. Scatter due to
rain can also show up as a change in polarization which is of primary
concern in systems that use each of two orthogonal polarizations to double
the channel capacity. Attenuation is also associated with an increase in
antenna temperature to as high as the environmental temperature.

Scintillation or rapid fading is caused by multipath interference
between waves travelling over slightly different paths. Different paths
can be caused by globules of non-homogeneity in the refractive index of the
atmosphere which break up a wave and defractioon or refract components into
slightly different directions.

Beam defraction always exist for horizontal beams due to the
transverse gradient in the refractive index of the atmosphere. This is
associated with altitude dependence of the refractivity of the atmosphere.
The beam could, at times, end up displaced above or below the receiving
antenna so that a narrow beam would essentially miss the receiving antenna.
The effect would be long-term fading unless an adaptive system is used
which corrects for this effect.

The frequency congestion in the band of 1 to 10 GHz and the rapid
progress in millimeter wave technology lead to the development and
deployment of millimeter wave communications systems. It is anticipated
that these systems will be in popular use by the year 1990 and beyond.
However, well-planned system design and test programs are needed to further
enhance the progress of the state-of-the-art.

3.4 EHF Satellite Communications. The demand for satellite communications
services is continually increasing and the capacity available within the
500 MHz frequency bands presently used at 6 and 8 GHz will not be suffi-
cient to meet future needs. Therefore, additional spectrum space will be
required with future systems and this can be provided by using frequencies
above 10 GHz, where larger bandwidths are available.




The design of both satellites and earth stations in the higher
frequency bands will not be significantly changed from those at lower
frequencies and no major difficulties should arise due to the great amount
of technology available concerning millimeter-wave circuitry. The other
problem, which has hitherto inhibited the use of EHF communications, the
comparatively high attenuation under bad weather conditions, may be
overcome by the higher antenna gains achievable and diversity reception.
Thus it would appear that as the limited spectrum space and number of
available positions in the synchronous equatorial orbit becomes saturated,
the advantages of the EHF band will become irresistible. These include:

° Extra (wider) bandwidth - 1 GHz at 20, 30 and 40 GHz
L Higher gain, small antennas
o Jamming threat less effect

L] Smaller spacing between satellites in the same orbit is

feasible.

Multiple beam antennas (MBAs) with jammer nulling and/or beam steering
offer significant improvment in uplink electronic counter-counter measure
(ECCM) performance at the higher frequencies since much smaller beamwidths
are available for areas such as the European theater without excessive
antenna sizes. As an example, an 0.75° beamwidth is available from a 3 ft.
antenna aperture at 30 GHz. The same beamwidth at 7.5 GHz wuld require a
12 ft. antenna which is not very practical for use in space, particularly
since several may be required to cover different areas (e.g., Europe, CONUS
and the Middle East).

Current MBAs, such as have been designed for DCS III are inefficient
and may not be suitable for use at EHF where they may be even more lousy.
However, recent advances in the design of offset feed antennas apear to be
capable of meeting the more stringent requirements of the higher frequency
bands.
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The anti-jamming (AJ) performance could be increased considerably over
that available in the 7-8 GHz frequency bands if full advantage is taken of
the total bandwidth available for maximum band spreading, i.e., 1 GHz.
> This is beyond the capability of current AJ modems of the frequency hopping
or direct sequence types but hybrid modems using a combination of frequency
hopping and pseudorandom noise direct sequence band spreading appear to
offer an economical solution.

Further improvements in AJ performance can be obtained by the use of
an on-board processing which will also provide better control of traffic
flow and simplify routing without the use of excessive downlink microwave
power resulting from broadcasting point-to-point traffic.

A SATCOM transponder system could play a very important role in
long-haul communications for DCS. Another advantage of EHF communication
systems is that it is less vulnerable to jamming threat and smaller spacing
between satellites in the already crowded orbit. The 30 GHz (uplink) and
20 GHz (downlink) bands would provide adequate performance with an

4 availability of better than 99%. Greater availability, say on the order of
99.99% could be obtained using two terminals spaced about 30 miles apart
with ideal line-of-sight radio or fiber optics link. Suitable technology
has been demonstrated in the laboratory and a number of development
programs are under way to produce space qualified hardware.

3.5 Optical Fibers. Use of optical fiber for communications media was
proposed in 1966. Although the best existing fiber was characterized by 1
greater than 1000 dB/km attenuation at that time, it was speculated that
losses as low as 20 dB/km would be available and it was suggested that such
fiber would be useful for telecommunication. This anticipated 20 dB/km

¢ fiber was realized in 1970, and from then on progress in the field of

‘ optical fiber transmission has been rapid. Two excellent examples of
progress in the field are the reduction of loss in optical fibers and the
reliability improvement of the semiconductor injection laser, the }
transmitter of an optical fiber communication system. '
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The losses in an optical fiber operating in the wavelength range of
0.8 to 0.9 m has been continuously reduced from 1000 dB/km in 1968, to 100
dB/km in 1969, 20 dB/km in 1970 and 1.6 dB/km in 1976. Because of the near
zero dispersion of single-mode, step-index fiber operating in the wave-
length range of 1.2 to 1.4 um, the recent research and development
emphasize the fibers, optical sources, and photodetectors operating in this
range, optical fibers with losses of 0.47, 0.16, and 0.2 dB/km have been
reported already.

In the same period the reliablity of the AfGaAs injection laser also
has been greatly improved, the projected room temperature mean life being
in excess of a million hours based on accelerated temperature test. The
photodetectors, needed for optical fiber systems, had already been
developed, for fiber communications studies were initiated in 1971. Addi-
tional development in this area accomplished over the past decade has
mostly been concerned with optimization of existing technology for use with
the anticipated data format.

3.5.1 Optical Fiber Communications System. Some milestones of optical
fiber communications development are tabulated in Table 3-3. Due to the
rapid component development that has taken place, some optical fiber
communication systems have been fielded not only for test but also for
actual carrying of commercial traffic. Table 3-4 lists a few representa-
tive systems.

An optical fiber communication system consists of a transmitter, a
receiver, and an optical fiber connecting the transmitter and the receiver.
For a long link, one or more repeaters for analog signal or regenerative
type repeaters for digital signal are employed

Figure 3-1 depicts an optical fiber communications system.

3.5.2 QOptical Fibers. Various kinds of optical fiber are available. The
major ones are:

[ ] Graded-index fiber
L Multi-mode step-index fiber

° Single-mode step-index fiber.
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Table 3-3. Milestones of Optical Fiber Communications Development

Event Time
Ruby laser demonstrated, optical communications 1960
suggested
Fiber communications proposed 1966
Low loss fiber (20 dB/km) available 1970
Light source reliability (10% hr) improved 1977
Photodetector for long wavelength developing Present
Commercial field test system 1977 - Present

Each of these three major types of optical fiber has a core and a region of
lower refractive index cladding the core. Depending on how the refractive
index varies within the core, the fiber is described as either step-index
type or graded-index type. A fiber can support many different guided modes
of propagation. Each mode has its own phase velocity and its own field
distribution on a cross-section plane.

The most important fiber characteristics are attenuation and disper-
sion. The major mechanisms which contribute attenuation for waves
propagation along the fiber are absorption losses, scattering losses, and
radiation losses. The absorption losses in a fiber can be grouped into
three categories, intrinsic absorption, extrinsic absorption, and atomic
defect absorption. Intrinsic absorption is the power of transmitted light
lost in the fiber material as heat. Extrinsic absorption is caused by some
impure material in a fiber such as metal ions and hydroxyl (OH). This
absorption has been greatly reduced by processing control of the basic
material of optical fiber. Further improvement is expected. Scattering
losses are causes by density and refractive index variations within the
fiber material; these variations are due to frozen-in thermal fluctuations
of constituent atoms. The intrinsic scattering losses set the fundamental
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Table 3-4. Representative Test and Operational Optical Fiber Systems

Total
Length/
Data Repeater
Rate Spacing Date
Nation (Mbps) (km) (Month/Year) Location
USA 1.544 9/3.7 April 1977 Long Beach, California
USA 44,7 2.8/2.8 June 1979 Phoenix, Arizona
Canada 6.3 6/1.5 Oct. 1977 Montreal, Canada
Canada 274.0 52/3.5 Nov. 1979 Alberta, Canada
Japan 32.0 18/18 Sept. 1978 Tokyo, Japan
Japan 800.0 7.3/3.2 April 1979 Tokyo, Japan (1.3 um)
England 8.0 13/13 Dec. 1976 Surfolk, England
England 140.0 13/6 Dec. 1976 Suffolk, Englad
Italy 140.0 9/9 Sept. 1977 Turin, Italy

attenuation limit in fibers. The scattering losses follow the Rayleigh law
- inversely prorated to fourth power of wavelength - therefore fiber optics
research and development effort has been shifted from the 0.7 to 0.9 um to
1.2 to 1.5 um. Radiation is another loss usually associated with fibers
caused by microbend. Bend-inducted radiation loss can be significantly
reduced by using bends with large radius of curvature.

Communication transmission capacity of a fiber depends on fiber
dispersion characteristics. Dispersion effect, broadening the 1ight pulses
propagating along a fiber, 1imit either the bandwidth of transmission or
the spacing of repeaters. There are three major components of dispersion;
namely, waveguide dispersion, modal dispersion, and material dispersion.
The fiber material is dispersive if its refractive index does not vary
linearly with wavelength. This implies, physically, that the phase
velocity of a plane wave propagating in such material varies nonlinearly
with frequency and, consequently, a 1light pulse will broaden as it
propagates. Pure silica and several doped silica fibers exhibit zero
material dispersion near the wavelength of 1.3 um. The other important
dispersion, particularly for single-mode step-index fiber is the waveguide
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dispersion which is due to the phase constant of propagation and is not
linear with wavelength; thus the group velocity varies with wavelength.
This kind of fiber wavelength is dispersive and broadens a transmitter
pulse. However, at a wavelength of about 1.3 um the material dispersion
exactly cancels the waveguide dispersion. At this wavelength, the band-
width of a single-mode fiber is enormous (100 GHz/km). It is fortuitous
that the minimum attentuation also occurs in this spectral region. The
third kind of dispersion, called modal dispersion, only occurs in a
multimode fiber along which different modes propagate with different group
velocity. The modal dispersion can be dramatically reduced and, hence, the
bandwidth improved by grading the fiber index in a parabolic fashion which
tends to equalize the group velocities differences.

3.5.3 Optical Sources. The sources used for fiber optical communication
systems are light emitting diode (LED) and solid state laser diode (LD). 9
These sources should be capable of stable, continuous (CW) operation for i
long times and of size and configuration compatible with the optical fiber.
The power output of these sources is not the most important consideration,
however, these sources must be capable of coupling at least microwatts, and
preferably a milliwatt or more optical power into a transmission fiber.

In general, LDs offer the advantage, as compared with LEDs, when
narrow spectral baﬁhwidth, about 20 A or less is used, which is also a very
useful region for minimizing the effect of fiber dispersion. Lasers also
can be modulated up to a rate of a few hundred megahertz and can be coupled
to a fiber because of relatively directional emission. Lasers are now
considered primarily for use in single-mode fiber systems. In contrast,
incoherent LEDs offer inherent advantages of simplicity of construction and
operation, and thus the expectation of long trouble-free operational life.
From previous discussions on fiber attenuation and dispersion, it is seen
that the wideband incoherent sources must operate at 1.2 to 1.4 um wave-
length where both fiber attenuation and dispersion are low.
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Both surface-emitting diodes and end-emitting diodes can provide
several milliwatts of power output on the 0.8 to 0.9 um range, when
operated at drive currents of 100 to 200 mA. The spectral width of the
output of an LED operating at room temperature in the 0.8 to 0.9 um range
is usually 250 to 400 A at 3 dB points and 500 to 100 A for material with
smaller energy gap operating in the l.1 to 1.3 um wavelength region. This
broad radiation spectrum limits the bandwidth.

An LED becomes a laser at high current densities by adding a cavity to
provide feedback. The optical feedback in a laser diode can be obtained by
clearing the parallel facets to form the mirrors of the Fabry-Pert cavity.
Many different laser diode structures have been fabricated and tested. The
double heterojunction (DH) laser diode is the most widely used continuous
wave source for optical communications. A stripe geometry is commonly used
for DH injection lasers. For a laser operating in the fundamental trans-
verse mode, the beam width in the plane of the junction is typically 5° to
10° and varies only slightly with diode topology and internal geometry. At
least one-half of the power emitted can be coupled into a fiber with a core
diameter of tens of microms. Most narrow-stripe laser diodes operate with
several longitudinal modes and therefore emit over a 10 to 30 A spectral
width.

The output of a LED can be modulated by varying the drive current.
The output is linear with the current over a very wide range from a few to
hundreds mA. The modulation bandwidth is limited by the carrier combina-
tion time, which can be reduced either by decreasing the thickness of the
active lasing layer at low doping level or by increasing the active layer
doping level. For surface emitting diode, increasing bandwidth is commonly
achieved by heavy doping and/or high carrier confinement. However, both
methods decrease the diode efficiency. Hence, the power-bandwidth product
of DH lasers with doping level greater than 1018 per cm is almost constant.
Semiconductor lasers can be directly modulated by varying the drive
current. Because the laser output is proportional to the drive current
over a broad current range above the threshold level, both analog and
digital modulation can be used. Because of the short recombination
lifetime of the carrier, less than 10'8 seconds, the modulation bandwidth
is expected to be up to a few gigahertz. Table 3-5 compares the two basic
optical fiber communications 1ight sources.
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Table 3-5. Comparison of Light Sources

ﬁ--------f-f-----19-IIln5!5!5--------------q!

LED LD
Spectral bandwidth Wide ~ 35 nm Narrow < 2 m,
Coupling efficiency Low ~ 100 u W High ~ 1 mW
Structure Simple Complicated
Temperature difference | Weak Strong
Modulation Low 50 ~ 200 MHz High 500 ~ 1000 MHz
Remarks Short wavelength, commer- | Reliability to be
cially available, field established, relax-
tested ation oscillation
and self-pulsation
problems

3.5.4 Photodetectors. At the receiving end of an optical fiber communica-
tions systems, an optical detector or photodetector is employed to convert
optical signals to electronic signals which are subsequently amplified and
processed. The fundamental process of a photodetector is to generate an
electron-hole pair while a photon hits the depletion layer of the detector.
The ratio of carrier pairs generated to the incident photon is usually
referred to as quantum efficiency. To have high efficiency, the depletion
layer must be sufficiently long. On the other hand, because long carrier
draft times limit the speed of operation, hence the modulation bandwidth, a
thin depletion layer is preferred. Therefore, there is a tradeoff between
quantum efficiency and speed of operation.

The two commonly used photodetectors are PIN photodiode and avalanche
photodiode. At long wavelenghts, where 1ight penetrates more deeply into
the depletion, front-illuminated PIN photodiodes with wide depletion layers
are preferred. In the wavelength range of 0.8 to 0.9 um, high quantum
efficiency in the order of 80 to 90 percent and response time as short as 1
nsec have been achieved. At wavelengths of 1.0 um or 1longer, side-
illuminated silicn photodiode is used. The response of germanium photo-
diodes spans the entire frequency range of interest for fiber optics
communications, but the relatively high dark current remains a problem.
However, experimental silicon PIN diodes with good efficiency and large
bandwidth have been built and are now commercially available.
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An avalanche photodiode (APD) provides' internal amplification
mechanism to increase detector output in order to overcome the thermmal
noise of the following amplifier. The doping profile is so adjusted to
result in a narrow region where very high electric fields exist. Carriers
which drift into this region can be accelerated to velocities of sufficient
magnitude to generate new electron-hold pairs through the process of colli-
sion ionization. The multiplication of carriers is random with average
carrier multiplication of tens or hundreds being possible. A comparison of
these two photodiodes is given in Table 3-6.

3.5.5 System Capablities and Research Trends. The advantages of utilizing
fiber optics, as previously discussed, which will drive changover from
cable and microwave relay systems to the fiber optic system, can be
summarized as follows:

L Very high bandwidth; billion bit per fiber capacity
available at low cost by the late 1980s

° Greater bandwidth/volume; orders of magnitude more
bandwidth in one-tenth the space

L Rapidly declining unit costs, in contract to increasing
copper cable cost

Table 3-6. Comparison of Photodetectors

PIN APD

Sensitivity Low High

Quantum efficiency | ~80% ~90%

Response Fast-sub ns Slow ~ ns

Noise Shot-noise limited | Excess noise (factor 5) due
to multiplication

Gain 0 dB 10 ~ 20 dB, optimal gain for
noise and bandwidth

Remarks Temperature compensation for
stabilized gain




® Extremely low-loss; a few tenths of a dB per kilometer,
with low dispersion, virtually eliminating repeaters

® Freedom from electric interference

° Greater security.

Although fiber optics has been developed to a state where many
experimental systems have been fielded over the world, only a few systems

actually carry commercial traffic. Further research and development
efforts are essential.

° Realization of low-loss cable, connectors and splices

° Improvment of reliability of optical sources, both in
0.8 to 0.9 and 1 to 1.7 um

® Development of efficient sources and photodiodes in the
1.3 to 1.5 um wavelength region

L Stabilization of 1laser modes under operational
conditions

® Development of high bit rate modulation.

High performance optical fiber prices have dropped by as 10:1 factor
over the 1975 - 1980 span, as production transitioned from laboratories to
pilot plants. With increased efficiency of high volume production, price
will drop by another order of magnitude of 2000. Regarding solid state
light sources, there has been rapid advancement over the last few years in
areas such as increased lifetime, power output, linearity, radiation
pattern, and efficiency. These improvements will likely continue over the
next few decades.

In the interest of the current study, a prediction of fiber optic
communications system capability has been made and shown in Table 3-7 for
the period of the 1990s Because of the dynamic growth and development of

the optical field, reassessing the prediction may be needed at two to three
year intervals.
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Table 3-7. Predicted Qptical Fiber Communicatioins System Capabilities

: - !1

Repeater Circuit
Bit Rate | Spacing Length
(Mbps) (km) (km) Fiber Source | Detector

Large 1.2 ~1.6 |15 ~ 30 {2,500 ~ 4,000 | Single LD APD
capacity, mode
long haul
system
Med ium 30 - 400 |20 ~ 40 |200 ~ 300 Single LD APD
capacity, mode or or
short mul timode,| LED
haul graded
system index
Small 10 - 30 50 10 50 Multimode,| LD APD
capacity, step index| or or
local or graded | LED PIN
system index

3.6 Packet Radio. Packet radio is a technology that extends application
of packet switching, as evolved for networks of point-to-point communica-
tion landlines, to the domain of radio This technology offers a highly
efficient way of utilizing a multiple-access radio channel with a
potentially 1large number of fixed and mobile subscribers to support
communications and to provide distribution of information over a wide
geographic area.

During the early 1970s the ALOHA project at the University of Hawaii
demonstrated feasibility of using packet broadcasing in a single-hop
system. The successful Hawaii network led to development of multihop,
multiple-access Packet Radio Network (PRNET) under the sponsorship of the
Advanced Research Project Agency (ARPA). Packet transmission technology
can also be applied to satellite channels. There are two packet satellite
experiment efforts, one is the Atlantic Packet Satellite Experiment and the
other is the Wideband Experimental Integrated Switched Network. General
discussion on packet radio technology and description of experiments
mentioned above arae given in Section A.8, Packet Radio of Appendix A,
Transmission Media of Final Phase 1A Report.
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3.6.1 Packet Radio Experiment. All users in a packet-radio network are
assumed to share a common radio channel, access to which needs to be
controlled to minimize conflict or overlapping transmission. A variety of
theoretical and experimental studies have been carried out to determine the
most effective techniques for showing a multiple access (MA) channel. The
most common techniques are classic ALOHA, slotted ALOHA, and carrier sense.
The simplest technique is classic ALOHA which was designed for very-low-
duty-cycle application withcut any access-control capability. Each user
transmit its own message independently, however, an overlapping or con-
flicting packet is recognized, the unsuccessful transmission will be
randomly rescheduled at a later time. This scheme is normally implemented
using a positive acknowledgment and time-out procedure. The throughput of
a classical ALOHA system increases with the channel traffic to a maximum
value of 0.189 which is known as the capacity of a classic ALOHA and occurs
for a value of channel traffic of 0.5. If the channel traffic is increased
beyond value of 0.5, the throughput of the channel will decrease due to
occurrence of conflicts.

The slotted ALOHA is ¢ time-slotted version of random access In this
process, a central clock establishes a time base for a sequence of slots of
the same duration as the packets. A user transmits his packet randomly but
synchronizes the start of his transmission with the start of a slot.
Therefore, if the packets conflicts they will overlap completely, rather
than partially. Conflicting packets will be transmitted by each user by
waiting a number of slots which will be chosen by each user randomly and
independently. The maximum utilization a slotted ALOHA channel is 36.8
percent which doubles that of a classic ALOHA.

One of the more efficient access-control techniques for a packet radio
system is the carrier sense multiple access (CSMA) wherein each user first
senses the multiple-access channel or a control channel and then transmits
a packet only if the channel is idle. If the channels is determined to be
in use, the transmission is rescheduled at a later time according to
certain rules adopted by various systems. Various elaborations on the CSMS
scheme offer the possibility of achieving 70 - 90 percent utilization of
the channel with low end-to-end transmission delay per packet.
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Propagational characteristics of the radio frequency band have a major
impact on the packet radio design, rendering it desirable for practical
packet radio systems to use frequencies in the upper VHF band, in the UHF
band and in the lower portion of SHF band. VHF and UHF bands are already
heavily allocated and use of spread-spectrum techniques potentially could
allow coexistence of a packet-radio system with existing users of the same
frequency bands. However, this is a relatively new concept from the
regulatory point, and significant technical issues would have to be solved
to establish feasibility of coexistence.

A packet radio system consists of three primary network elements of
terminals, control stations and repeaters. A terminal contains the RF and
digital processing circuits. Necessary teminal capabilities incude the
following functions:

] Packet reception, with ability to check the header and

text portion and to route the arniving packet to its
destination or local user \

® Packet retransmission, when acknowledgements are not
received in a certain time out \

° Efficient routing control betwen terminal and the

control station.

The control station demodulates the incoming packets, stores and
switches the information, and remodulates the packets onto a broadcasting
channel. In addition, it has capability to impiement network protocols
including initialization, routing, flow control, directory, and accounting
functions, and it also serves as an interface to other networks. All the
above functions are performed by an on-board microcomputer.

In the event that some of the terminals are too far away from the
control station, radio repeaters are used as relay devices which provide
network area coverage by extending the range between terminals and
stations. A repeater can operate on a single frequency for transmitting
and receiving, switching off its receiver momentarily while it transmits a
package. Some packages will be lost when this happens, and as in the case
of a collision will have to be retransmitted. However, operating at a
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single frequency saves the expense of frequency-translation equipment. The
repeaters use a single frequency for relaying packages to the control
location and a different frequency for relaying packets back to the
temminals. If two frequencies are used in this way the repeater antennas
pointing towards the central station can be highly directional.

For a highly flexible and/or survivable network, each terminal should
be within radio range of two or more repeaters, so that this increased
network interconnectivity would improve flexibility and survivability.
Controlled routing procedures permit use of preferred routes to minimize
dellay and prevent propgation of duplicate messages. However, in the event
of repeater failure automatic alternate routing procedures will be
implemented.

In 1973, ARPA initiated a theoretical and experimental packet radio
program. The primary objective is to develop a geographically distributed
network consisting of an array of packet radios managed by one or more
minicomputer-based stations and to experimentally evaluate the performance
of those stations. The testbed is located in the San Francisco Bay Area
and it consisted of about 50 fixed and mobile radios distributed north to
south from Grizzly Peak, Berkeley to Eichler, Palo Alto and east to west
from Mission Ridge, San Jose to Mountain San Bruno. The initial radio
equipment designed was the Experipmental Packet Radio (EPR) and a new
development completed in 1978 was designated Upgraded Packet Radio (UPR).
A selected 20 MHz bandwidth and 140 MHz bandwidth in the 1710 - 1850 MHz is
employed by EPR and UPR, respectively. Two transmission rates of 100 and
400 kbps are available for EPR corresponding to spread-spectrum pattern of
128 and 32 chips per bit. The data rate of UPR is approximately the same
but higher chips per bit rate is used to enhance electronic counter-
countermeasure capability.

3.6.2 Packet Satellite Experments. There are two packet satellite

evperiments. The firrst one is the Atlantic Packet Satellite Experiment
which has been completed recently. The second is the Wideband Experimental
Integrated Switched Network of which the experiment plan is currently being
dev